Fibrosis, which is defined as excessive accumulation of fibrous connective tissue, contributes to the pathogenesis of numerous diseases involving diverse organ systems. Cardiac fibrosis predisposes individuals to myocardial ischemia, arrhythmias and sudden death, and is commonly associated with diastolic dysfunction. Histone deacetylase (HDAC) inhibitors block cardiac fibrosis in pre-clinical models of heart failure. However, which HDAC isoforms govern cardiac fibrosis, and the mechanisms by which they do so, remains unclear. Here, we show that selective inhibition of class I HDACs potently suppresses angiotensin II (Ang II)-mediated cardiac fibrosis by targeting two key effector cell populations, cardiac fibroblasts and bone marrow-derived fibrocytes. Class I HDAC inhibition blocks cardiac fibroblast cell cycle progression through derepression of the genes encoding the cyclin-dependent kinase (CDK) inhibitors, p15 and p57. In contrast, class I HDAC inhibitors block agonist-dependent differentiation of fibrocytes through a mechanism involving repression of ERK1/2 signaling. These findings define novel roles for class I HDACs in the control of pathological cardiac fibrosis. Furthermore, since fibrocytes have been implicated in the pathogenesis of a variety of human diseases, including heart, lung and kidney failure, our results suggest broad utility for isoform-selective HDAC inhibitors as anti-fibrotic agents that function, in part, by targeting these circulating mesenchymal cells.
Introduction
Fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) proteins in response to chronic stress and injury. Fibrosis contributes to the pathogenesis of a variety of chronic diseases, including heart failure, renal failure and pulmonary hypertension, and has been estimated to play a causal role in nearly 45 percent of deaths in the developed world [1] . Despite the well-recognized link between fibrosis and organ dysfunction, there are currently no FDA-approved therapies that specifically target the fibrogenic process [2] .
Fibrosis plays a critical role in cardiac remodeling, which refers to the changes in heart structure and function that occur in response to pathological stress such as long-standing hypertension and myocardial infarction [3] . Remodeling involves cardiomyocyte hypertrophy as well as myocyte death due to apoptosis and necrosis, which can trigger an inflammatory response that culminates in activation of cardiac fibroblasts [4, 5] . Activated cardiac fibroblasts proliferate, migrate and upregulate genes that encode ECM proteins, including collagen I and collagen III, which have been estimated to make up 80% and 10% of total collagen protein in the heart, respectively (6) . Cardiac fibroblasts can differentiate into myofibroblasts, a cell type with an even greater capacity to synthesize ECM. Fibrosis may be reparative, replacing areas of myocyte loss with a structural scar following infarction, or reactive (also referred to as nonadaptive), which is triggered in the absence of cell death and involves interstitial ECM deposition in response to long-lasting stress [4, 6] .
Fibrosis has diverse functional consequences in the heart. For example, fibrosis increases the passive stiffness of the myocardium, resulting in impaired relaxation and diastolic dysfunction [7, 8] . Additionally, fibrosis can lead to disruption of electrical conduction in the heart, causing arrhythmias, and can limit myocyte oxygen availability and thus exacerbate myocardial ischemia [9] . Interstitial fibrosis is also prevalent in patients with genetic hypertrophic cardiomyopathy (HCM) and in pre-clinical models of HCM (10;11), where it has been shown to contribute with diastolic dysfunction (12;13) . Components of the renin-angiotensin-aldosterone system (RAAS) play critical roles in the control of cardiac fibrosis [2, 4, 5] . For example, angiotensin II (Ang II) is a key stimulus for cardiac fibrosis, and clinical trials have shown that angiotensin receptor blockade with losartan causes regression of cardiac fibrosis and improves diastolic function independently of reducing blood pressure in patients with hypertensive heart disease [10, 11] . However, losartan fails to reduce fibrosis in many patients [11] , highlighting the need for alternative anti-fibrotic strategies for the heart. Cardiac fibroblasts have long been viewed as the major producers of ECM during the fibrotic process. However, recent studies have revealed an important role for a population of bone marrow-derived cells, termed fibrocytes, in the control of cardiac fibrosis. Fibrocytes have features of both monocytes and fibroblasts, and are able to adopt a mesenchymal phenotype and contribute to tissue remodeling in response to pathological stress [12] [13] [14] . Studies by the Entman lab have demonstrated that age-related cardiac fibrosis and diastolic dysfunction coincide with accumulation of fibrocytes in ventricular interstitial space [15] . Additional studies in mice have demonstrated roles for fibrocytes in Ang II-meditated cardiac fibrosis [16] [17] [18] , and in fibrosis due to intermittent ischemia [19] . More recently, patients with hypertensive heart disease were found to have elevated levels of circulating, activated fibrocytes, and fibrocyte numbers correlated with disease severity [20] .
Small molecule inhibitors of histone deacetylases (HDACs) have been shown to be efficacious in rodent models of heart failure, blocking pathological cardiac hypertrophy and fibrosis and improving cardiac function [21] . HDACs catalyze removal of acetyl groups from lysine residues in a variety of proteins. There 18 mammalian HDACs that are encoded by distinct genes and are grouped into four classes: class I HDACs (1, 2, 3 and 8), class II HDACs (4, 5, 6, 7, 9 and 10), class III HDACs (SirT 1 -7) and class IV (HDAC11) [22] . Class I, II and IV HDACs are zinc-dependent enzymes, while class III HDACs, which are also known as sirtuins, require nicotinamide adenine dinucleotide (NAD+) for catalytic activity. "Pan" inhibitors of zinc-dependent HDACs block cardiac fibrosis [23] [24] [25] [26] . However, the roles of specific HDAC isoforms in the control of cardiac fibrosis, and the mechanism(s) by which HDACs control the fibrotic process, remain unclear. Here, we demonstrate that selective inhibition of class I HDACs potently blocks cardiac fibrosis in a pre-clinical mouse model of cardiac stress. Class I HDAC inhibition does not block profibrotic inflammation in the heart. Instead, in vitro data suggest that the mechanism by which class I HDAC inhibitors block cardiac fibrosis involves suppression of cardiac fibroblast activation and inhibition of the differentiation of fibrocyte precursors into mature, collagen-producing fibrocytes. These findings define novel functions for class I HDACs in the control of cardiac fibrosis, and suggest generalizable translational potential for isoformselective HDAC inhibitors for the treatment of pathological organ fibrosis by targeting bone marrow-derived fibrocytes.
Materials and methods

Experimental animals
Experiments were conducted in accordance with the National Institutes Health 'Guide for the Care and Use of Laboratory Animals', and were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver. Ten week-old male C57Bl/6J mice (Jackson Labs) were infused with 1.5 ug/kg/min Ang II (Bachem) for three days or two weeks using osmotic mini-pumps (Alzet). For the two-week studies, beginning at the time of pump implantation, mice were given daily intraperitoneal (IP) injections of either vehicle (50:50 DMSO:PEG-300), scriptaid, DPAH or a tubastatin A; MGCD0103, a slow acting benzamide with a long half-life, was administered every other day. All HDAC inhibitors were dosed at 10 mg/kg. For the three day studies, MGCD0103 was administered every second day beginning 18 hours prior to pump implantation. Animals were sacrificed 20 hours following the final administration of compound, unless otherwise indicated. Hemodynamic data were collected via carotid catheterization (Scisense) with animals anesthetized using 2% isoflurane.
Tissue procurement and processing
Mice were sacrificed by exsanguination and hearts were immediately excised and perfused with ice-cold saline. Left ventricle (LV) was dissected from right ventricle (RV) and sectioned at the papillary muscles; the lower half of the LV was flash frozen for biochemical and gene expression analyses, while the upper half of the LV was fixed in paraformaldehyde and transferred to 70% ethanol for storage prior to placement in a paraffin block. Total RNA from LVs was isolated using Trizol (Sigma) and LV protein extracts were prepared in PBS containing 300 mM NaCl, 0.5% Triton-X-100 and protease and phosphatase inhibitors (Thermo Scientific).
For histological analysis, sectioned tissue was rehydrated and collagen was stained using picrosirus red dye (Chromaview, Richard-Allen Scientific). All histological analyses were carried out in a blinded manner using an Axiovert 200 inverted microscope with a digital camera equipped with AxioVision imaging software (Zeiss, Germany). Quantification of picrosirius red staining was completed by determining the average stained pixels 2 per total pixels 2 in images of the LV (18 images used per animal).
Flow cytometry
A mouse LV digestion method was developed based on previously published data [27] . Briefly, atria were removed and LVs and were manually sliced into several smaller pieces in Hank's Buffered Salt Solution (HBSS) containing 30 mM taurine/10 mM HEPES, and then placed in HBSS/30 mM taurine/10 mM HEPES + 0.1% collagenase II (Worthington) + 0.5 ug/ml DNase (Sigma) and incubated at 37°C for 5 minutes. After incubation, tissue was manually disrupted by pipetting; between incubation steps the digestion buffer was removed and the cells in suspension were placed into ice cold stop buffer (HBSS/30 mM taurine/10 mM HEPES + 20% fetal bovine serum [FBS] ). Cells were filtered through a 70 μm filter and washed twice in HBSS prior to staining for analysis using a BS Cantos II flow cytometer (BD Biosciences). Cells were pelleted and resuspended in FACS wash buffer (PBS with 1% BSA and 0.1% sodium azide) containing a 1:100 dilution of each of the fluorescentlyconjugated antibodies, including anti-CD45-V500 (BD Biosciences), anti-CD11b-APC (eBioscience), anti-Ly6G-APC Cy7 (BD Biosciences), anti-CD34-PE (BD Biosciences) and anti-F4/80-PerCp Cy5.5 (eBioscience); surface staining was completed for 20 minutes at 4°C. Cells were washed prior to resuspension for FACS analysis if only surface labels were required. Intracellular staining was performed after washing and fixing surface stained cells. Cells were fixed and permeabilized in Fix/Perm Buffer (Biolegend) before staining with intracellular markers of interest (collagen I [Rockland] used at 1:100 and αSMA [Sigma] used at 1:250) in Permeabilization Buffer (Biolegend). The anti-collagen I antibody was conjugated to biotin and detected with fluorochrome-conjugated streptavidin (BD Biosciences). Cells stained for intracellular antigens were not labeled with anti-Ly6G or anti-F4/80.
Blood was collected in the presence of 500 mM EDTA from the vena cava of mice at the time of sacrifice. Surface antigens were labeled with fluorochrome-conjugated antibodies, as listed above. Red blood cells were osmotically lysed with Red Blood Cell Lysis Buffer (BD Biosciences). Cells were fixed in Fix/Perm buffer (Biolegend) for 1 hour before washing and labeling. Antibodies were used at the concentations described above, except for anti-αSMA-FITC (Sigma), which was used at 1:100. For all flow cytometry studies, data were collected and visualized using FACSDiva software (BD Biosciences).
Adult and neonatal cardiac fibroblast preparation
Neonatal rat ventricular fibroblasts (NRVFs) were isolated from myocyte preparations from Sprague-Dawley rats pups (post-partum 1-2 days), as previously described [28] . Adult rat ventricular fibroblasts (ARVFs) were collected by the Langendorff-perfusion method from Sprague-Dawley rats [28] . Both NRVFs and ARVFs were cultured in DMEM with 20% FBS containing penicillin (100 U/ml), streptomycin (100 U/ml) and L-glutamine (29.2 μg/ml) (PSG) cells were used at passage two for all experiments. The degree of α-smooth muscle actin protein expression in passage two ARVFs in shown in sFig. 1. All cell culture supplies were purchased from Cellgro (Mediatech, Inc), unless otherwise noted.
HDAC activity assays
HDAC activity assays were completed as previously reported [28] . Each HDAC substrate was based on ε-N-acylated lysine, derivatized on the carboxyl group with amino methylcoumarin (AMC) [29] . Subsequent to deacylation by HDACs, trypsin was used to release AMC, resulting in a significant increase in fluorescence. Tissue extracts were prepared in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and protease/ phosphatase inhibitor cocktail (Thermo Fisher) using a Bullet Blender homogenizer (Next Advance). Tissue extracts were diluted into PBS buffer in 100 μL total volumes in a 96-well plate (60 μg ventricular protein/well). Substrates were added (5 μL of 1 mM DMSO stock solutions), and the plates were returned to the 37°C incubator for 2 -3 hours. Finally, developer/stop solution was added (50 μL per well of PBS with 1.5% Triton X-100, 3 μM TSA, and 0.75 mg/mL trypsin), with another 20 minute incubation at 37°C. AMC fluorescence was measured using a BioTek Synergy 2 plate reader, with excitation and emission filters of 360 nm and 460 nm, respectively (each with bandwidth 40 nm), along with a 400 nm dichroic top mirror. Background signals from buffer blanks were subtracted, and data were normalized as needed using appropriate controls.
For determining HDAC activity in living cells, ARVFs were seeded on 96-well plates (10,000 cells/well). Cells were allowed to adhere overnight and were subsequently cultured in serum-free DMEM containing PSG and Neutridoma-SP (0.1%; Roche). For concentration-response determination, cells were dosed with increasing semi-log scale concentrations of HDAC inhibitors for 24 hours prior to addition of cell-permeable fluorescent HDAC substrates [29] . After two hours, stop buffer (PBS+1.5 Triton-X, 3 mM TSA 0.75ug/ul) was added to each well and incubated for 20 minutes at 37°C. Deacetylated substrates were susceptible to trypsin cleavage, which resulted in increased fluorescence. GraphPad Prism was used to calculate the IC 50 values for each compound.
Cell cycle analysis
NRVFs were passaged at a 1:6 ratio 24 hours prior to serum deprivation in full serum media, and refreshed with serum starvation medium (DMEM containing 0.1% Nutridoma Supplement (Roche) and PSG for 18 hours in order to synchronize the cells in G 0 /G 1 . Cells were then refed with medium containing 20% FBS in the presence of either vehicle (DMSO) or HDAC inhibitors. Samples of cells were collected after 18 hours of serum starvation as 0 hr controls. Cell cycle analysis was completed by washing NRVFs in cold PBS followed by a brief 1 minute trypsinization. Cells were washed in PBS and pelleted cells were fixed with ice cold 70% ethanol. Prior to flow cytometry analysis, samples were placed on ice for 30 minutes and washed once with cold PBS. An equal amount of staining solution (50 ug/ml propium iodide [Sigma] and 100 ug/ml RNase [Qiagen]) was added to each sample to stain DNA. Samples were processed with a BD Cantos II Flow Cytometer (5000 FSC/SSC-gated cells were captured per sample).
Immunoblotting and quantitative PCR
Extracts were prepared in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and protease/phosphatase inhibitor cocktail (Thermo Fisher) using a Bullet Blender homogenizer (Next Advance). Protein concentrations were determined using a BCA Protein Assay Kit (Pierce). Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes For qPCR, total RNA was harvested using TRI Reagent ™ (Life Technologies) 48 hours after treatment. All RNA samples were diluted to 100 ng/μl, and 5 μl (500 ng) of RNA was converted to cDNA using the Verso ™ cDNA Synthesis Kit (Thermo Scientific). Quantitative PCR (qPCR) was performed using Absolute ™ QPCR SYBR Green ROX mix (Thermo Scientific) on a StepOne qPCR instrument (Applied Biosystems). PCR primers for MCP-1, p15, p16, p18, p19, p57 and 18S are shown in Table S1 . All qPCR primers were optimized for a slope between −3.1 and −3.6, >90% efficiency, R 2 >0.98, and a single melt curve. Relative transcript levels were determined by measuring Ct values off of a standard curve made from serial dilutions of pooled cDNA.
In vitro fibrocyte differentiation assay
Human cells were collected from healthy volunteers after informed consent was obtained under Colorado Multiple Institutional Review Board (COMIRB) protocol 13-1700. For peripheral blood mononuclear cell isoloation, red blood cells were lysed using Red Blood Cell Lysis Buffer (BD Biosciences), and cells were washed in PBS containing 0.1% FBS two times prior to plating in DMEM containing 20% FBS and PSG. After 5 days of culture, adherent cells were cultured in serum-free medium (DMEM, 10 mM HEPES, PSG, nonessential amino acids and 0.1% Neuridoma-SP) in the absence or presence of IL-4 (10 ng/ml; PeproTech) and Il-13 (10 ng/ml; PeproTech). Cells were differentiated in the presence of vehicle (DMSO), MGCD (250 nM), and SAP (1 μg/ml; Calbiochem). Samples of cells before and after stimulation were collected and used for flow cytometric anaylsis. Cells were fixed with Fixation/Permeabilization buffer (Biolegend) and incubated with biotinylated anti-Col I (Rockland) followed by PerCP labeled strepatavidin. Pooled IgG controls and unstained samples were used to set gates for flow cytometry.
Statistical analysis
Analysis was completed by ANOVA followed by post-hoc testing (Tukey's test was used for post-hoc analysis unless otherwise noted); statistical analysis was completed using GraphPad Prism software. Statisitcal significance (α defined as 0.05) is reported as applicable.
Results
Class I HDAC-selective inhibition blocks cardiac fibrosis
To assess the role of specific HDAC isoforms in the control of cardiac fibrosis, a panel of isoform-selective HDAC inhibitors was tested for efficacy in a mouse model of Ang IImediated fibrosis. The small molecule HDAC inhibitors used for this study were scriptaid (a pan-HDAC inhibitor) [30] , MGCD0103 (a selective inhibitor of class I HDACs -1, -2 and -3) [31] , DPAH (a class IIa HDAC-selective inhibitor) [32] , and tubastatin A (Tub A; a selective inhibitor of class IIb HDAC6) [33] (Fig. 1A) . Dose-response analyses with cultured cardiac fibroblasts confirmed the selectively profiles of these HDAC inhibitors (sFig. 2). All compounds were delivered via IP injection at 10 mg/kg body weight, with dosing beginning the day of Ang II mini-pump implantation and continuing throughout the two-week period (Fig. 1B) . HDAC inhibitor treatment did not significantly alter animal body weight (Fig. 1C) or Ang II-mediated hypertension (Fig. 1D) , indicating that the compounds were well tolerated and did not suppress the initiating stimulus for cardiac remodeling. Under these conditions, Ang II did not trigger significant LV hypertrophy or cardiac diastolic or systolic dysfunction (sFig. 3).
Picrosirus red staining of LV sections was performed to assess effects of HDAC inhibitors on cardiac fibrosis. Two weeks of Ang II treatment led to profound cardiac interstitial collagen deposition, which was completely abolished by pan-HDAC inhibition with scriptaid or class I HDAC-selective inhibition with MGCD0103 ( Fig. 2A and B; sFig. 4) . In contrast, class II HDAC inhibitors failed to block Ang II-mediated cardiac fibrosis. HDAC enzymatic assays with LV homogenates confirmed the specificity of MGCD0103 for class I HDACs (Fig. 2C -E) ; class I HDACs -1, -2 and -3 were each detected in the mouse LV, and expression of these HDAC isoforms was unaffected by Ang II stimulation (sFig. 5). These data strongly support a role for class I HDACs in the pathogenesis of myocardial fibrosis.
Class I HDAC inhibition does not reduce Ang II-mediated inflammation in the LV
Inflammation has long been recognized as a key stimulus for the development of cardiac fibrosis, and recent work demonstrated that recruitment of leukocytes to the heart is necessary for cardiac fibrogenesis [16, 18, 19] . Given that HDAC inhibitors exhibit broad anti-inflammatory activity [34, 35] , we hypothesized that suppression of cardiac fibrosis by MGCD0103 was due to blockade of Ang II-mediated immune cell recruitment. To address this possibility, flow cytometric analysis was performed with single-cell suspensions of LVs from mice treated with Ang II for three days in the absence or presence of MGCD0103; the three day time point was chosen based on prior studies showing the most dramatic changes in immune cell recruitment and inflammatory signaling shortly after initiation of Ang II treatment [16, 36] . Consistent with this, total leukocyte (CD45 + cells) numbers were significantly elevated in hearts of mice receiving Ang II (Fig. 3A and B) . Surprisingly, however, leukocyte infiltration was not reduced in the animals treated with the class I HDAC inhibitor MGCD0103 (Fig. 3A and B) . Furthermore, MGCD0103 also failed to decrease Ang II-mediated recruitment of monocytes/macrophages (CD45 + CD11b + Ly6G − ) and neutrophils (CD45 + CD11b + Ly6G + ) to the heart (Fig. 3C -E) . These data suggest that class I HDAC inhibition blocks cardiac fibrosis independently of effects on inflammatory responses.
Class I HDAC inhibition blocks cardiac fibroblast cell cycle progression
In response to pathogenic stimuli, cardiac fibroblasts proliferate and produce excess amounts of ECM. Experiments were performed to assess the possibility that HDAC inhibitors block cardiac fibrosis by altering these effector cells. To investigate effects of isoform-selective HDAC inhibition on cardiac fibroblast cell cycle progression, cultured neonatal rat ventricular fibroblasts (NRVFs) were synchronized in G 0 /G 1 of the cell cycle by serum starvation, and cell cycle progression was reinitiated with FBS in the absence or presence of HDAC inhibitors. Cell cycle progression was assessed by measuring propidium iodide (PI) staining in fixed NRVFs. Initial time course studies with trichostatin A (TSA) revealed that treatment with this pan-HDAC inhibitor blocked NRVFs in G 0 /G 1 of the cell cycle ( Fig. 4A and B) . Subsequent experiments using isoform-selective HDAC inhibitors demonstrated that cardiac fibroblast cell cycle arrest was due to class I HDAC inhibition ( Fig. 4C and D) . Identical results were obtained with adult rat ventricular fibroblasts (ARVFs), suggesting that class I HDACs serve a generalizable role in the control of cardiac fibroblast proliferation (Fig. 4E) . Immunoblotting confirmed that class I HDACs -1, -2 and -3 are expressed in ARVFs (Fig. 4F) .
Although several studies have demonstrated that HDAC inhibitors block cell cycle progression in cancer cells [37, 38] , this effect has not been previously reported in cardiac fibroblasts. In cancer cells, anti-proliferative effects of HDAC inhibitors involve upregulation of the genes encoding the cyclin-dependent kinase inhibitors p21 and p27. These CDK inhibitors block the action of cyclin-dependent kinase 4/6 (CDK4/6):cyclin D 1 complexes, thereby preventing phosphorylation of retinoblastoma protein (Rb), which is required to stimulate genes to promote the transition from G 1 to the S phase of the cell cycle; other endogenous CDK inhibitors include p15, p16, p18, p19 and p57 (Fig. 5A) . Immunoblot analysis revealed that class I HDAC inhibition efficiently blocked stimulusdependent Rb phosphorylation in cardiac fibroblasts (Fig. 5B) . The presence of cyclin D 1 in NRVFs treated with MGCD0103 confirmed that the cells were blocked in the G 1 phase of the cell cycle. Surprisingly, however, p21 and p27 expression levels were unaffected by the HDAC inhibitor (Fig. 5B) . A subsequent quantitative PCR survey of other CDK inhibitors revealed that class I HDAC inhibition in cardiac fibroblasts results in selective upregulation of p15 and p57 (Fig. 5C -G) ; induction of p15 and p57 mRNA expression by MGCD0103 was confirmed using multiple independent cultures of ARVFs ( Fig. 5H and I ). MGCD0103 also stimulated p15 protein expression (Fig. 5J) ; we were unable to identify a commercial antibody that efficiently recognizes rat p57 (data not shown). These data suggest that class I HDAC inhibition blocks cardiac fibroblast proliferation, in part, through suppression of CDK activity via induction of p15 and p57 (Fig. 5K ).
Class I HDAC inhibition blocks differentiation of fibrogenic bone marrow-derived fibrocytes
In addition to cardiac fibroblasts, recent studies have clearly revealed an important role for a population of bone marrow-derived cells, termed fibrocytes, in the control of cardiac fibrosis. Fibrocytes have features of both monocytes and fibroblasts, and are able to adopt a mesenchymal phenotype and contribute to tissue remodeling in response to pathological stress [12] [13] [14] . Additional flow cytometric analyses were performed to begin to address whether the mechanism of HDAC inhibitor-meditated suppression of cardiac fibrosis also involves effects on fibrocytes. Fibrocytes are defined by co-expression of CD34 (stem cell marker), CD45 (hematopoietic cell marker), a monocyte markers (e.g., CD11), and either collagen or α-smooth muscle actin (mesenchymal markers) [12] . Consistent with prior studies, mice treated with Ang II had significantly elevated levels of fibrocytes in the heart [16, 36] . Remarkably, class I HDAC inhibition with MGCD0103 completely blocked Ang II-mediated increases in fibrocytes in the heart (Fig. 6A -C) , and also decreased circulating levels of fibrocytes ( Fig. 6D ; sFig. 6); antibody controls confirmed the integrity of the flow cytometry data (sFig. 7). HDAC inhibitor-mediated suppression of fibrocytes did not appear to be due to blockade of recruitment to the heart, since monocytic fibrocyte precursors were equally abundant in hearts of mice treated with Ang II in the absence or presence of MGCD0103 ( Fig. 6E and F) . Consistent with this, cardiac expression of monocyte chemoattractant protein-1 (MCP-1), which is critical for fibrocyte recruitment to the heart [16] , was induced by Ang II despite class I HDAC inhibition (Fig. 6G) . MGCD0103 appeared to enhance MCP-1 expression in the LV, and this was also observed in cultured cardiac fibroblasts (sFig. 8). The mechanism underlying the stimulatory effect of MGCD0103 on MCP-1 expression remains unclear. Nonetheless, the data support the notion that class I HDAC inhibition blocks fibrocyte differentiation, rather than recruitment of these cells to the heart. To begin to address the possibility that HDACs serve a novel role in the control of fibrocyte differentiation, in vitro assays were performed with peripheral blood mononuclear cells (PBMCs) isolated from whole human blood. Fibrocyte precursors were allowed to adhere to culture plates for five days in the presence of FBS prior to stimulation with IL-4 and IL-13, which are known to trigger fibrocyte differentiation (Fig. 7A) [39] . Some cells received serum amyloid P (SAP), which has previously been shown to block fibrocyte differentiation [40] , and other cells received MGCD0103. Strikingly, MGCD0103 blocked fibrocyte differentiation as effectively as SAP (Fig. 7A and B) , suggesting a critical role for class I HDACs in the control of this process.
Extracellular signal-regulated kinase (ERK), p38 and c-Jun N-terminal kinase (JNK), as well as Signal Transducer and Activator of Transcription 6 (STAT6), have all been implicated in the control fibrocyte differentiation [12] [13] [14] . Immunoblotting was performed to address whether class I HDAC inhibition suppresses fibrocyte differentiation via alterations of these intracellular effectors. IL-4/IL-13 stimulation of adherent fibrocyte precursors led to enhanced phosphorylation (activation) of STAT-6, ERK1/2 and JNK; p38 phosphorylation was not increased in stimulated cells (Fig. 7C) . Class I HDAC inhibition with MGCD0103 had no effect on the phosphorylation status of STAT6, JNK and p38, but dramatically reduced dual phosphorylation of ERK1/2 on threonine and tyrosine residues, a condition that is necessary and sufficient for activation of the kinase (Fig. 7C) . Consistent with this, IL-4/ IL-13-mediated phosphorylation of ELK, a downstream substrate of ERK1/2, was significantly reduced in cells treated with the class I HDAC inhibitor. Follow-up studies with PBMCs from six different individuals confirmed that MGCD0103 consistently suppresses ERK1/2 phosphorylation in fibrocyte precursors (Fig. 7D) . These data suggest that class I HDAC inhibition blocks fibrocyte differentiation, at least in part, by suppressing ERK signaling.
Discussion
The findings of this study establish class I HDACs as key regulators of cardiac fibrosis that serve dual fibrogenic functions by promoting cardiac fibroblast activation and controlling differentiation of bone marrow-derived fibrocytes (Fig. 7D) . The critical role for class I HDACs in the control of cardiac fibrosis was defined using a series of isoform-selective inhibitors of HDACs as chemical genetic probes in a pre-clinical model. Whereas pan-and class I HDAC-selective inhibitors efficiently blocked cardiac fibrosis mediated by Ang II, small molecules targeting class IIa and IIb HDACs were ineffective (Fig. 2) . Our results suggest a novel application for class I HDAC-selective small molecules for the treatment of fibrotic diseases, including heart failure.
Pan-HDAC inhibitors have been shown to reduce pressure overload-driven interstitial cardiac fibrosis and to reverse pre-established atrial fibrosis and arrthythmic inducibility in Hop transgenic mice [23] [24] [25] [26] . However, the molecular basis for the anti-fibrotic actions of HDAC inhibitors has not been addressed. Here, we show that class I HDACs govern proliferation of cardiac fibroblasts (Fig. 4) , which make up ~70% of the cells in the heart and serve a major role in ECM production. Class I HDAC inhibition blocks cardiac fibroblasts in the G 0 /G 1 phase of the cell cycle via inhibition of Rb phosphorylation (Fig.  5B) , which is mediated by CDK and is required to stimulate downstream expression of E2F target genes that drive the G 1 -to-S transition. A major mechanism for inhibition of cancer cell proliferation by HDAC inhibitors involves induction of expression of the p21 CDK inhibitor [38, [41] [42] [43] [44] . Surprisingly, class I HDAC inhibition failed to stimulate expression of p21 in cardiac fibroblasts (Fig. 5B) . Instead, a survey of expression of the six other endogenous CDK inhibitors revealed that class I HDAC inhibition selectively upregulates p15 and p57 (Fig. 5B -J) , uncovering a previously unrecognized role for these genes in cardiac fibrosis. The results suggest that one mechanism by which class I HDACs stimulate fibrosis in the heart is by repressing expression of anti-proliferative genes in cardiac fibroblasts, resulting in expansion of the pool of ECM-producing cells in the myocardium in response to stress.
We originally hypothesized that repression of fibrosis by class I HDAC inhibitors would involve suppression of inflammatory triggers, since inflammation has long been known to stimulate fibroblast activation and fibrosis [2, 45] , and HDAC inhibitors have well documented anti-inflammatory activity [46] [47] [48] . Surprisingly, however, treatment of mice with MGCD0103 failed to block accumulation of monocytes, macrophages and neutrophils in hearts of Ang II-treated mice (Fig. 3) . Instead, class I HDAC inhibitor treatment led to a remarkable reduction in the number of bone marrow-derived fibrocytes in the heart in Ang II treated mice (Fig. 6A -C) , and also reduced circulating levels of fibrocytes (Fig. 6D) . Class I HDAC inhibition did not decrease recruitment of fibrocyte precursors to the heart (Fig. 6E and F) , and, consistent with this, MGCD0103 did not suppress cardiac expression of MCP-1, which has previously been shown to be required for Ang II-mediated migration of fibrocytes to the LV (Fig. 6G) [16] . These data support a role for class I HDACs in the control of fibrocyte differentiation rather than recruitment of these cells to the heart. A function for class I HDACs in the regulation of fibrocyte differentiation was confirmed using an in vitro differentiation assay with human PBMCs. We found that class I HDAC inhibition blocks fibrocyte differentiation as efficiently as SAP (Fig. 7A and B) , an Fcγ receptor antagonist that is currently in clinical development for idiopathic pulmonary fibrosis [40] . Compared to cardiac fibroblasts, little is known about the molecular mechanisms that control fibrocyte differentiation and growth. Several receptor agonists have been shown to stimulate fibrocyte differentiation, including TGF-β, ET-1, IL-4 and IL-13 [12] [13] [14] ; TNFα signaling also appears to be involved [49] . Recently, ERK1/2 was found to be a critical downstream effector of fibrocyte differentiation. Specifically, the prostacyclin analogue treprostinil was shown to block fibrocyte differentiation by triggering cAMPmediated inhibition of ERK, and this was mimicked by the ERK1/2 inhibitor, UO126 [50] . Rho kinase [51] , p38 kinase [52] and STAT transcription factors [39] have also been implicated in the control of fibrocyte differentiation. A survey of pathways known to control fibrocyte differentiation demonstrated that MGCD0103 selectively inhibits activation of ERK1/2 ( Fig. 7C and D) . The mechanism by which class I HDAC inhibition blocks ERK activation in fibrocytes remains unknown, but could be related to our recent finding that class I HDAC inhibitors suppress ERK signaling in cardiac myocytes by derepressing expression of an ERK-specific phosphatase, termed DUSP5 [53] .
HDAC inhibitors have been shown to block fibrosis in diverse organs. We propose that the ability of HDAC inhibitors to suppress fibrocyte differentiation provides a unifying mechanism to explain the broad-spectrum anti-fibrotic actions of this compound class. Indeed, in addition to heart failure, fibrocytes have been implicated in the pathogenesis of numerous diseases that have fibrotic components [13] , including rheumatoid arthritis [54] , pulmonary fibrosis [55, 56] , pulmonary hypertension [57, 58] , acute lung injury [59] , long term organ rejection [60] , chronic kidney disease [61] and liver failure [62] .
We cannot rule out the possibility that HDAC inhibitors block cardiac fibrosis through additional mechanisms. For example, expression of the pro-fibrotic mediator, TGF-β, is known to be induced by Ang II [4] , and recent studies in models of renal fibrosis have suggested that class I HDAC inhibitors suppress TGF-β expression in the kidney [63] . Future studies will need to address the impact of class I HDAC inhibitors on TGF-β signaling in the heart. Cardiac fibrosis is a characteristic of numerous pathological conditions, and likely contributes to the pathogenesis of diastolic dysfunction leading to heart failure with preserved ejection fraction (HFpEF), since excess ECM increases myocardial stiffness [64] [65] [66] [67] . The urgent need for anti-fibrotic therapeutics for the heart is underscored by the fact that HFpEF affects ~3 million Americans and is steadily increasing in incidence [68, 69] . Our data suggest that isoform-selective HDAC inhibitors hold promise as highly effective anti-fibrotic agents by virtue of their ability to simultaneously target two key fibrogenic effector cell populations, cardiac fibroblasts and circulating fibrocytes. The ability of HDAC inhibitors to block cardiac fibrosis in the face of sustained hypertension (Fig. 1D ) reveals that this compound class functions through mechanisms that are distinct from previously tested drugs that target components of the RAAS system, and suggests potential for synergy between HDAC inhibitors and other anti-fibrotic agents. Given the known benefits of blood pressure control in the context of heart failure, combination therapy involving HDAC inhibitors and anti-hypertensive drugs would be obligatory.
In summary, the data presented here suggest potential for class I HDAC-selective inhibitors for the treatment of pathological cardiac fibrosis. MGCD0103 (Mocetinostat) is the small molecule inhibitor that was used to validate class I HDACs as targets for cardiac fibrosis. This and other class I HDAC-selective inhibitors (e.g., Entinostat), are in clinical development for cancer and are well tolerated by humans, highlighting the translational potential of the present findings [70] . Nonetheless, additional pre-clinical optimization is clearly needed before HDAC inhibitors can be advanced into clinical testing in humans with cardiac fibrosis. For example, since MCP-1 has been linked to adverse cardiac remodeling [16, 71] , it will be important to address whether the observed increase in MCP-1 expression in hearts and cultured cardiac cells exposed to MGCD0103 (Fig. 6G and sFig. 8 ) is specific for this compound or is a common effect of all class I HDAC inhibitors. It may be possible to circumvent this issue with newer generations of compounds that selectively inhibit HDAC1, HDAC2 or HDAC3, rather than all three of these class I HDAC isoforms simultaneously [72] . Notwithstanding this uncertainty, isoform-selective HDAC inhibitors clearly hold promise as novel anti-fibrotic agents.
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sFig. 4. Class I HDAC inhibition blocks Ang II-mediated cardiac fibrosis. The images shown in Fig. 2 were captured at 2.5X magnification to reveal the overall level of LV fibrosis, as determined by picrosirius red dye staining of interstitial collagen. Scale bar = 10 μm. sFig. 5. Class I HDAC isoforms are expressed in the mouse LV. Expression levels of class I HDACs -1, -2 and -3 were assessed by immunoblotting of protein in mouse LV homogenates. Each class I HDAC isoform was detected in the LV, and levels of the proteins were not altered by two weeks of Ang II treatment. Calnexin served as a loading control. sFig. 6. Inhibition of class I HDACs reduces circulating fibrocyte numbers. Representative graphs of circulating fibrocytes, defined as CD45 + CD34 + and αSMA + or Col I + cells, from mice infused with Ang II for three days in the absence or presence of MGCD0103. Quantification is shown in Fig. 6D . 
